Gibberellin (GA) is an important phytohormone and has been reported to promote flowering in annual and biennial plants, but may play an opposite role in woody perennial plants. In this study, the promoting or inhibiting effect of GA on floral initiation was investigated in Jatropha curcas L., a perennial woody plant, which has great potential as renewable energy plant due to the high oil content in the seed. We found that exogenous application of gibberellic acid (GA 3 ) inhibited flowering, whereas GA biosynthesis inhibitors promoted flowering. The promotive effect of the GA biosynthesis inhibitor paclobutrazol on floral initiation could be diminished by GA 3 treatment. The expression levels of GA biosynthesis genes Jatropha GA 3-oxidase 3 (JcGA3ox3) and the GA receptor genes, Jatropha GA-INSENSITIVE DWARF 1C (JcGID1C) were decreased, whereas a GA catabolism gene, Jatropha GA 2-oxidase 8 (JcGA2ox8), was elevated during floral transition. These results suggest that GA inhibits floral initiation in J. curcas.
Introduction
Floral initiation occurs at a certain point after plants switch from the vegetative to the reproductive phase (Boss and others 2004) . Floral formation is controlled strictly by the physiological state of the plant and environmental factors (Wellmer and Riechmann 2010) . Gibberellin (GA) has been reported to control flowering in many plant species (Campos-Rivero and others 2017; Conti 2017) . The ability of GA to promote floral initiation in plants has been established primarily for long-day and biennial species under conditions that would not normally permit flowering (Lang 1957) . The exogenous application of GAs accelerates flowering in wildtype Arabidopsis, particularly during short days (Langridge 1957) . The increase in bioactive GAs in the shoot apex contributes to the transition to reproductive development in, for example, the long-day grass Lolium temulentum (King and others 2006) and biennial species of sugar beet (Sorce and others 2002) .
However, GA application did not result in the promotion of flowering in short-day plants (Lang 1957) , and even has the opposite effect in woody perennial plants. For example, GA application inhibits floral initiation in avocado (Salazar-Garcia and Lovatt 1998), citrus (Muñoz-Fambuena and others 2012), sweet cherry (Lenahan and others 2006) , peach (García-Pallas and others 2001), and Japanese plums (Gonzalez-Rossia and others 2006), whereas GA biosynthesis inhibitors have promoted reproductive development in mango (Winston 1992) and lychee (Menzel and Simpson 1990) . Before the flowering of Mangifera indica, the concentration of GA in the shoot apical meristem is reduced (Tongumpai and others 1989) . Boss and Thomas (2002) reported that in a dwarf, GA-insensitive mutant of grapevine, tendrils were converted to inflorescences, demonstrating that GA inhibited flowering in the grapevine. These studies indicated that GA plays different roles in annual, biennial and perennial plants. However, a recent report demonstrated that GA promotes the transition from vegetative to inflorescent development but inhibits flower formation in Arabidopsis (Yamaguchi and others 2014) . The authors claimed that these results may help to explain the paradoxical observation that GA promotes flowering in most annual plants but inhibits floral initiation in some woody plants. However, the molecular mechanism of the GA-mediated inhibition of flowering in perennial woody plants is unknown.
Jatropha curcas L. (hereafter referred to as Jatropha) is a perennial and woody plant species belonging to the Euphorbiaceae family. Jatropha is widely distributed in tropical and sub-tropical regions and has great potential as renewable energy plant due to the high oil content in the seed (Koh and Mohd Ghazi 2011; Pandey and others 2012) . However, the poor yield of this plant is an obstacle for its industrialization (Edrisi and others 2015; Sanderson 2009 ). Previous studies have tried to improve the seed yield by increasing female flower number per inflorescence or branching through the application of exogenous plant growth regulators and breeding transgenic plants (Abdelgadir and others 2010; Chen and others 2014; Ni and others 2015; Pan and others 2016; Pan and Xu 2011) . However, another highly probable reason for the poor yield of this plant is that Jatropha has vigorous vegetative growth, whereas the reproductive growth is relatively poor (Ghosh and others 2010; Kochhar and others 2005) . A feasible way to improve the seed yield is by promoting flowering.
Previous studies have reported that the GA biosynthesis inhibitor paclobutrazol (PAC) can effectively promote floral initiation of Jatropha others 2010, 2011; Song and others 2013; Xu and others 2013) . However, the effects on flowering of Jatropha by direct GA treatment and GA co-applied with a GA biosynthesis inhibitor have not been reported. In this study, we treated 4-year-old pruned and/or non-pruned Jatropha plants with GA and GA biosynthesis inhibitors separately or together to investigate the role of GA in the floral initiation of Jatropha. The expression profiles of GA biosynthesis, catabolism, and receptor genes in the shoot apex and inflorescence bud before and after floral initiation were also determined. The results in this study demonstrated that the exogenous application of GA inhibited flowering in Jatropha, while GA biosynthesis inhibitors promoted flowering. The results in this study could shed light on the mechanism of floral transition in Jatropha and/ or other woody plants.
Materials and Methods

Plant Material
Four-year-old Jatropha plants were grown at the Xishuangbanna Tropical Botanical Garden (XTBG, 21°54′N, 101°46′E, 580 m in altitude) of the Chinese Academy of Sciences located in Mengla County, Yunnan Province, southwest China. The dry season lasts from November to April, and the rainy season lasts from May to October. The average rainfall, temperature, and relative humidity in April to July 2013, when the experiments were conducted, were 187.6 mm, 25.8 °C, and 85.8%, respectively (data from Xishuangbanna Station for Tropical Rain Forest Ecosystem Studies). The trees were planted 2.5 m × 2.5 m apart. Treatments were performed on pruned and non-pruned Jatropha plants. Pruning was conducted in January 2013 during the period of dormancy.
Plant Treatments and Data Collection
Application of GA 3 to Pruned and Non-pruned Jatropha Plants When the new shoots of the pruned plants were 20 cm in length and the newly emerged leaves of the non-pruned plants had expanded, gibberellic acid (GA 3 , Bio Basic Inc., Toronto, Ontario, Canada) was applied as a foliar spray to the entire pruned and non-pruned Jatropha trees at concentrations of 0, 50, 100, 200, 400, 800, 1200, and 1600 µM using a sprayer. Each GA 3 working solution contained an equal volume of alcohol, which was used as a solvent for GA 3 . A surfactant, Tween-20 (Polysorbate-20, Shanghai Sangon Biological Engineering Technology & Services Co., Ltd., China), was added to all the spray solutions at a concentration of 0.05%. The spraying was consecutively conducted three times at 10-day interval. Phenotypic observations and data collection were performed 2 months after the treatment. For the non-pruned Jatropha plants, we randomly marked 30 branches per plant to estimate the total number of inflorescences and infructescences per branch. However, because the pruned Jatropha plants produced few flowers at that time, the ratio of the number of reproductive branches to the total number of branches was determined to represent the percentage of reproductive branches.
Application of GA Biosynthesis Inhibitors to Pruned Jatropha Plants
GA biosynthesis inhibitors, chlormequat chloride (CCC), mepiquat chloride (N-dimethylpiperidinium chloride, DPC) and PAC, were supplied as wettable powders (products of Zhengzhou Century Technology Co., Ltd., China), the purities of which were 98, 97, and 15%, respectively. When the new shoots of the pruned plants were 20 cm in length, dilute suspensions of CCC, DPC, and PAC were sprayed onto the entire pruned Jatropha plants at concentrations of 500, 1500, 3000, and 4500 mg/l with Tween-20 at a concentration of 0.05%. Control plants were sprayed with distilled water containing 0.05% Tween-20. The spraying was consecutively conducted twice with a 10-day interval. Phenotypic observations and data collection were performed 2 months after the treatments. The percentages of reproductive branches were then determined.
Co-application of GA and PAC to the Pruned Jatropha Plants
The soil application of PAC (8 g per plant) was carried out during the period of dormancy according to Ghosh's method (Ghosh and others 2010) . Various concentrations of GA 3 were sprayed onto PAC-treated plants when the new shoots of the pruned plants were 20 cm in length. The GA 3 treatments were consecutively conducted three times at 10-day interval. Phenotypic observations and data collection were performed 2 months after the treatments. We randomly marked 30 branches per plant to estimate the total number of inflorescences and infructescences per branch. The percentages of reproductive branches were also determined.
RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)
For the expression profile analysis of GA biosynthesis and catabolism genes, the shoot apex and inflorescence bud before and after floral initiation of 4-year-old Jatropha plants were sampled and immediately frozen in liquid nitrogen and then maintained at − 80 °C. Total RNA was isolated according to the method reported by Ding and others (2008) . The RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). Approximately one µg of total RNA was used for cDNA synthesis according to the method described in the Takara PrimeScript™ RT Reagent Kit (Takara Biotechnology, Dalian, China). qRT-PCR was performed with the LightCycler 480 II (Roche, Switzerland) using three independent biological replicates and three technical replicates for each sample. The data were analyzed using the 2 −ΔΔC T method as described by Livak and Schmittgen (2001) . The transcript levels of specific genes were normalized using JcACTIN (Zhang and others 2013) . The primers used are listed in Supplementary  Table S1 .
Statistical Analysis
The data were analyzed using the Statistical Product and Service Solutions software (SPSS Inc., Chicago, IL, USA, version 16.0). Differences among the means were determined using a one-way ANOVA with Tukey's or Tamhane's post hoc tests (p < 0.05). Graphs were drawn with SigmaPlot (version 12.5; Systat Software, Point Richmond, CA).
Results
GA 3 Treatments Decreased the Percentages of Reproductive Branches and the Total Number of Inflorescence and Infructescence
To study the effect of GA treatment on Jatropha floral initiation, different concentrations of GA 3 were applied to pruned and non-pruned Jatropha plants. The results showed that GA 3 treatment profoundly inhibited the floral initiation of Jatropha in proportion to the concentration of GA 3 (Fig. 1) . In the pruned plants, the percentages of reproductive branches were significantly reduced in four treatments (100, 800, 1200, 1600 µM), but no significant difference was found among the four treatments (Fig. 1c) . In the non-pruned plants, the total number of inflorescences and infructescences per branch was significantly decreased from 1.7 (control) to 0.5 (800 µM GA 3 ), which was not significantly different from that of the GA 3 concentrations > 800 µM (Fig. 1b, d ).
Treatment with GA Biosynthesis Inhibitors Increased the Percentages of Reproductive Branches
Three GA biosynthesis inhibitors, CCC, DPC, and PAC were applied at various concentrations to the pruned Jatropha plants. The results indicated that all three inhibitor treatments can improve flowering in Jatropha. The percentage of reproductive branches was significantly increased after treatments with PAC and DPC compared to the control plants and was not different among the four concentrations in each group. In the CCC treatment group, the maximum value was obtained at the concentration of 1500 mg/l, which was significantly higher than that obtained at the concentrations of 500 mg/l and 4500 mg/l (Fig. 2) . The percentage was 8.2% in the controls and was increased to 53.8, 43.5, and 45.0% respectively, after the PAC (3000 mg/l), DPC (1500 mg/l), and CCC (1500 mg/l) treatments (Fig. 2) . The highest percentage among the three groups of treatments was obtained at 3000 mg/l in PAC treatment group (the purity of the PAC compound was 15%), demonstrating that PAC is more active than DPC and CCC.
GA 3 Treatment Diminished the Promotional Effect of PAC on Floral Initiation
To further confirm the inhibition of floral initiation by GA in Jatropha, the co-application of GA 3 and the GA biosynthesis inhibitor (PAC) was conducted in Jatropha plants. The pruned plants, which are more sensitive to PAC than non-pruned plants (Ghosh and others 2010; Song and others 2013) , were chosen for these experiments. The percentage of reproductive branches was profoundly increased from 10.3% in the control plants to 54.7% after PAC treatment alone (Fig. 3a, b, e) . The ability of PAC to improve flowering was diminished by the exogenous application of GA 3 (Fig. 3c,  d, f) . The percentage of reproductive branches was reduced with increasing concentrations of GA 3 , reaching the lowest at 1600 µM of GA 3 (6.9%), which was not significantly different from the control plants (Fig. 3e) . The total number of inflorescences and infructescences per branch exhibited the same trend (Fig. 3f) , and was increased profoundly from 0.15 in the controls to 0.60 per branch after PAC treatment alone but decreased significantly to 0.05 per branch after the exogenous application of GA 3 at 1600 µM (Fig. 3f) . 
Expression Analysis of GA Biosynthesis, Catabolism and Receptor Genes During Floral Initiation
To determine probable changes in the level of endogenous GA during floral initiation, the expression profiles of GA biosynthesis, catabolism and receptor genes (Hedden and Phillips 2000) were analyzed in the shoot apex and inflorescence buds before and after floral initiation. Sequences of Jatropha homologues of genes encoding two GA biosynthesis genes GA 20-oxidase 1 (JcGA20ox1) and GA 3-oxidase 3 (JcGA3ox3), four catabolism genes GA 2-oxidase 2/4/6/8 (JcGA2ox2/4/6/8), and two GA receptor genes GA-INSEN-SITIVE DWARF1B (JcGID1B) and JcGID1C, were indentified from the Jatropha Genome Database (http://www.kazus a.or.jp/jatro pha/, (Hirakawa and others 2012)), and were used for phylogenetic analysis together with those of the Arabidopsis genes (The Arabidopsis Information Resources; http://www.arabi dopsi s.org) ( Figure S1 ). qRT-PCR analysis (Fig. 4) revealed that JcGA3ox3, which catalyze the final step of GA biosynthesis (Hedden and Phillips 2000) was down-regulated in the inflorescence bud after floral initiation compared to their levels in the shoot apex before floral initiation, whereas the expression level of another biosynthetic gene JcGA20ox1 showed no significant difference. Among the four GA catabolism genes JcGA2ox2, JcGA2ox4, JcGA20ox1, Jatropha GA 20-oxidase 1; JcGA3ox3, Jatropha GA 3-oxidase 3; JcGA2ox2, Jatropha GA 2-oxidase 2; JcGA2ox4, Jatropha GA 2-oxidase 4; JcGA2ox6, Jatropha GA 2-oxidase 6; JcGA2ox8, Jatropha GA 2-oxidase 8; JcGID1B, Jatropha GA-INSENSITIVE DWARF1B; JcGID1C, Jatropha GA-INSENSITIVE DWARF 1C. The levels of the detected amplicons were normalized using the amplified product of JcACTIN. Values are means ± standard deviations (n = 3). *Statistically significant at the 5% level JcGA2ox6, and JcGA2ox8, only the expression of JcGA2ox8 was up-regulated during floral initiation (Fig. 4) . We also detected the expression levels of two GA receptor genes (Murase and others 2008) encoding Jatropha JcGID1B and JcGID1C (Ni and others 2017) , which undergo a conformational changes after the reception of bioactive GA and then binding to DELLA to form the GA-GID1-DELLA complex, which stimulates the degradation of DELLAs by the 26S proteasome, thereby initiating the signal transduction cascade (Sun 2011) . JcGID1C was down-regulated during the floral transition, whereas the expression level of JcGID1B was not significantly affected (Fig. 4) .
Discussion
GA has been previously reported to possess an inhibitory role in the floral transition of certain perennials (Wilkie and others 2008) . In this study, the results suggested that the exogenous application of GA inhibited floral initiation in Jatropha. Consistently, we found that the expression level of a GA biosynthesis gene JcGA3ox3 was reduced, whereas that of JcGA2ox8, a GA degradation gene was elevated after floral initiation (Fig. 4) , indicating a decrease in endogenous GA contents during floral transition. And the down-regulated expression of the GA receptor gene JcGID1C after floral initiation (Fig. 4) , which could result in a decreased GA sensitivity, may further reinforce the regulation of GAresponsive genes involved in floral initiation (CamposRivero and others 2017; Conti 2017; Davière and Achard 2013) . The result is in agreement with previous studies of other woody plant species. In M. indica, the GA content in shoot apical meristem (SAM) was decreased during the floral transition (Chen 1987) . In rose, a decrease in the GA content in SAM was a prerequisite for floral transition (Guo and others 2017; Roberts and others 1999) . Furthermore, the variation of GA content was correlate with the expression of GA metabolism genes in rose during floral transition (Guo and others 2017; Remay and others 2009) . In both non-recurrent and recurrent blooming rose, GA biosynthesis gene RoGA20ox was transiently repressed before floral initiation, whereas the expression of GA degradation gene RoGA2ox increased (Remay and others 2009) . Recently, Guo and others (2017) also showed that in recurrent flowering Rosa chinensis 'Old Blush,' a common ancestor of modern roses, GA biosynthesis genes, such as ent-copalyl diphosphate synthase (CPS), ent-kaurene oxidase (KO), GA20ox1, and GA3ox, were down-regulated from vegetative meristem to pre-floral meristem, while GA2ox was up-regulated. However, the expression of GA receptor gene RoGID1 in rose was regulated differently between the non-recurrent and the recurrent blooming rose (Remay and others 2009) . In nonrecurrent rose whose flowering was inhibited by exogenous applications of GA 1 and GA 3 (Roberts and others 1999) , RoGID1 was expressed at the same level during the floral process; whereas in recurrent rose whose flowering was not inhibited by exogenous applications of GA (Roberts and others 1999) , RoGID1 was up-regulated after the floral initiation (Remay and others 2009) . In this study, JcGID1C, one of the two GA receptor genes in Jatropha whose flowering was inhibited by exogenous applications of GA 3 as shown above, was down-regulated during the floral transition, whereas another member JcGID1B remained stable (Fig. 4) . Therefore, the molecular mechanism of GA-mediated inhibition of flowering in woody plants remains elusive.
In Arabidopsis, the elevated levels of endogenous GA 4 or exogenous application of GA 3 promoted the termination of vegetative phase and increase the expression of LEAFY (LFY), which induces the expression of the GA catabolism enzyme EUI-LIKE P450 A1 (ELA1), resulting in a decrease in GA content (Yamaguchi and others 2014) . The subsequent reduction in the GA levels allows the DELLA protein to bind SPL, inducing AP1 expression and promoting the transformation of the lateral primordia into flowers (Yamaguchi and others 2014). The ability of GA to promote the transition from the juvenile to the adult growth phase was observed in several species (Mutasa-Göttgens and Hedden 2009). A previous study also has reported that GA promoted the flowering of Arabidopsis by activating the LEAFY (LFY) promoter (Blázquez and others 1998) . However, in Jatropha, the expression of Jatropha LFY (JcLFY) was not induced but rather was repressed between 3 and 48 h after GA application both in the shoot apex and the inflorescence bud (Tang and others 2016a) . Overexpressing JcLFY in Arabidopsis causes significant early flowering while the overexpression of this gene in Jatropha causes slight early flowering, only 2 months earlier than the WT plant (Tang and others 2016a), which has also been observed in apple (Flachowsky and others 2010) and poplar (Rottmann and others 2000) . In addition, a transgenic Jatropha with co-suppressed JcLFY did not exhibit significantly late flowering (Tang and others 2016a) . These results suggested that JcLFY is not a key flowering promoter in Jatropha. Thus, although GA application repressed JcLFY expression, the GA-mediated inhibition of flowering in Jatropha may be unrelated to JcLFY. Moreover, the overexpression of JcAP1 did not cause early flowering in Jatropha but did cause early flowering in Arabidopsis (Tang and others 2016b) , as has also been observed in aspen (Azeez and others 2014) . Thus, the molecular mechanism of the GA-regulated floral transition in woody plants, at least in Jatropha, is complicated and may be different from that in Arabidopsis, which may involve multiple factors (Albani and Coupland 2010) .
Our results in this report provide strong evidence that GA inhibits flowering in woody Jatropha. However, additional experiments including detection of the GA contents during floral initiation by new sensitive methods for GA quantification (Deng and others 2017; others 2016, 2017) , expression analysis of DELLA and other genes in the GA signaling pathway (Davière and Achard 2013) , and modulation of GA contents in shoot apex by transgene expression, are required to elucidate the cellular and molecular mechanisms underlying GA regulation of floral initiation in Jatropha. In addition, several studies with adult Jatropha plants showed that GA biosynthesis inhibitor PAC, rather than GA, promoted reproductive development others 2011, 2010; Song and others 2013; Xu and others 2013) , which seems contrary to the role of GA in promoting the transition from vegetative to reproductive development in Arabidopsis (Yamaguchi and others 2014) . Therefore, further studies with Jatropha seedlings are required to investigate the role of GA in the transition from juvenile to adult phase.
